Cognitive radios have enabled the users to utilize licensed bands opportunistically without causing harmful interfe rence to licensed users. Spectrum analysis is an important technique in cognitive radio networks. And it helps rank ing available channels using spectrum sensing results.
Introduction
Wireless spectrum is a valuable natural resource. Today, the wireless spectrum is mainly regulated by a fixed allo cation strategy. Governmental agencies manage the spec trum resources and allocate the spectrum to authorized users. However, according to a report from Federal Com munications Commission (FCC), temporal and geographi cal variations in the utilization of the authorized spectrum are from 15% to 85% [1] . Another research from National Radio Network Research Test-bed (NRNRT) shows that the average spectrum utilization below 3 GHz spectrum band is just 5.2%. [t means that most of the authorized spectrum band is used by licensed users occasionally. At the same time, some of the non-licensed spectrum band is extremely crowded since the unauthorized users have no access to the licensed spectrum band. The waste of spec trum resources caused by the fixed allocation strategy did not draw enough attention to people in the past. Recent years, the dramatic increase of the need for wireless spec trum, limited available spectrum, and inefficient spectrum utilization necessitate a new communication mode to ex ploit the existing wireless spectrum opportunistically [2] [3]. This new networking mode is referred to as dynamic spectrum access (DSA) as well as cognitive radio net works (CRNs). [n a CRN, unlicensed/secondary users (SUs) are allowed to exploit the free spectrum (also called "spectrum holes") opportunistically when licensed/ = pri mary users (PUs) are not active.
The most important technology of CRNs is the cogni tive radio (CR) which provides the capability to detect spectrum holes and share the spectrum in an opportunistic manner. DSA techniques enable the CR to select the best available spectrum to operate in. The main functions of CR in cognitive radio networks are introduced as follows [3] : (1) spectrum sensing: Detecting unused spectrum and sharing it without harmful interference to other users; (2) spectrum management: Selecting the best available spec trum to meet the quality of service (QoS) requirements of users. Spectrum management functions can be classified as spectrum analysis and spectrum decision; (3) spectrum sharing: Assigning the available spectrum fairly among CRN users; (4) spectrum mobility: Moving out of the cur rent channel once conditions become worse or a PU is detected.
Cognitive capability is one of the most critical charac teristics of the cognitive radio, which means the ability to obtain information from its radio environment and there fore select the best spectrum and the most appropriate operating parameters to adapt to the dynamic radio envi ronment [4] . The steps for the adaptive operation are shown in Figure 1 , namely cognitive cycle.
SUs detect the radio environment to identify the spec trum occupancy states of both PUs and other SUs in the spectrum sensing step. Then in the spectrum analysis step, the spectrum sensing results will be used to estimate the quality of available channels. The most appropriate chan nel assignment decisions will be made according to the spectrum quality and user requirements in the spectrum decision step [5] . Spectrum analysis is one of the most important components in the cognitive cycle.
This paper provides a brief introduction to spectrum analysis. The rest of this paper is organized as follows. In Section 2, we provide a brief overview of the conventional channel ranking methods. Our own channel ranking me chanism is generalized in Section 3, which will be ex plained in detail with a flow chart in Section 4. Section 5 concludes this paper. Since CR should be able to select the best available spectrum band to meet the QoS requirements of users [6] [7], it is essential to analysis the quality of the available channel after the spectrum sensing stage and sort the channel according to some certain criteria as well as the specific needs of users. The ranking result can be ex ploited to get the spectrum band appropriate to the user
. Now we introduce some of the tradi tional channel quality evaluation parameters.
Signal-to-Noise Ratio (SNR or SIN)
Signal-to-noise ratio is a measure that compares the level of a desired signal to the level of background noise. It is defined as the ratio of signal power to the noise power,
Channel capacity, one of the most important measures for channel quality evalua tion, can be derived from the SNR and the bandwidth that will be discussed below using the Shannon-Hartley theo rem.
In CRNs, however, SNR at the receiver considers only local observations of secondary users, which is not enough to avoid inference to primary users. To solve this problem, we can derive the permissible transmission power of an SU from the amount of interference allowed at the pri mary receiver. The interference temperature model [ [2] can be used to achieve this derivation. A channel capacity estimation method considering such permissible transmis sion power has been proposed in [13] .
Signal-to-Interference-Plus-Noise Ratio (SINR)
The concept of SINR is defined as the power of the signal divided by the sum of the interference power and the power of some background noise, which is widely used in wireless communication systems. If the power of interfer ence term is zero, then the S[NR reverts to the SNR which is discussed above. The interference power could be gen erated by all the other simultaneous transmission.
Bandwidth
Bandwidth which refers to analog signal bandwidth meas ured in hertz can be employed to calculate the maximum rate at which information can be transmitted over a com munications channel in the presence of noise using Shan non-Hartley theorem.
[n computer networking and computer science, band width defines bit-rate of available, channel capacity or the maximum throughput of a logical or physical communica tion path in a digital communication system. The two terms can be connected with each other.
Delay
The delay of a channel indicates the time it takes for the data to transmit, which can be divided into several parts: 
Packet Delay Variation (PDV)
The difference in end-to-end one-way delay between se lected packets in a flow with any lost packets being ig nored, sometimes called "j itter" [ [ 6] . For some certain applications, packet delay variation can be a serious trou ble according to specific user requirements.
Some or all of the parameters mentioned above can be used to rank the available channel according to the QoS demands of different users.
Ranking Methods in CRN s
[n this section, we briefly introduce our opinions on spec trum analysis in CRNs.
In a CRN, SUs are only allowed to opportunistically access the primary channels on a non-interference basis.
Hence, naturally, the most important part of the channel ranking mechanism is the availability of the spectrum. The channel availability is given by the results of spectrum sensing, which has various kinds of techniques classified as transmitter detection, cooperative detection, and inter ference-based detection. The accuracy of spectrum sens ing will definitely influence the quality of the channel.
The spectrum sensing accuracy which can be quantified by the estimated spectrum detection probability and false alarm rate is mainly affected by the spectrum sensing technology and the communication environment.
The next crucial evaluation criterion of channel quality is the channel availability duration, also called holding time, which is determined by the activities of primary us ers. The idle duration indicates how long the secondary user can employ a channel before a primary user appears.
Short duration time will lead to frequent spectrum handoff, which will obviously influence the performance of the channel. Moreover, if secondary users were caught during the utilization of licensed channels, they might be pun ished by primary users. Hence, the longer the idle duration is, the better the quality of a channel will be.
A channel quality prediction metric based on the pre dicted channel idle duration and the spectrum sensing ac curacy has been proposed in [17] . They adopt the Non Stationary HMM for spectrum detection and prediction to capture the busy/idle duration of channels.
However, ranking metric proposed in [17] which only consider the spectrum sensing accuracy and holding time is imperfect. These two points discussed above are the most important ranking parameters in CRN s. With the premise of those two parameters, conventional ranking methods mentioned in Section 2 should also be used to evaluate a channel. However, recent work on channel ranking only focuses on spectrum availability or capacity, which is not sufficient to characterize the spectrum band.
A complete spectrum analysis model considering all char acterization parameters described above has not been dis cussed. Our future research will involve the combination of the above parameters to evaluate the spectrum and rank the channel for different users to meet their own QoS needs for different types of applications.
In the next section, we will illustrate our channel qual ity ranking methods in detail with the help of a flow dia gram.
Our Channel Quality Ranking Methods
There are two types of mechanisms for spectrum access: spectrum access based on random channel selection (SA R) where each SU selects one channel to sense randomly and access a channel once it is identified to be idle; and spectrum access based on channel ranking (SA-CR) where SU sense and select a channel based on the channel rank ing result. The performance of those two types of mecha nisms has been compared in [17] , too. The successful transmission rate and the time cost for each SU to sense and access an idle channel is verified to be significantly improved using ranking based spectrum access.
Except for the significant improvement of the access time to an idle channel, ranking based channel selection strategy will also bring benefits to varied user require ments. Some users may have strict requirements on the delay of the channel while others may have more stringent demands on the bit error rate, for example. They should sort and access the channel according to their own appli cation scenarios.
Consider a practical example of Body Area Networks (BAN) [18] . We consider three different people wearing BANs. The first person has recently passed a surgery, the second person suffering from chronic diseases while the third one is quite healthy. Obviously, the first BAN has stricter QoS requirements in terms of the throughput and delay than others while the last BAN requires least in comparison. However, a clear channel ranking method under such application has not been proposed in [18] , where the ranking result is thought to be already known.
To the best of our knowledge, a complete channel sorting criterion considering all of the evaluation parameters and the variety user demands has never been discussed.
Currently, the channel state of the licensed spectrum band is mainly represented by an ON/OFF model. The result of spectrum sensing is compared with a pre-set threshold. The channel is considered to be idle if the de tected power is lower than the threshold, otherwise it is thought to be occupied. However, such decision method cannot be utilized for ranking the channels. Moreover, the setting of the decision threshold will have significant im pact on the quality of transmission of both primary and secondary users.
Hence, a new approach to analysis the spectrum, evalu ate channel quality and allocate the channel according to specific application requirements need to be adopted. In stead of modelling the state of channel simply by a binary ON/OFF model, we will estimate the interference power of each channel to characterize the channel combining with other evaluation parameters discussed above.
We show a flow diagram of our channel ranking method in Figure 2 .
The information of spectrum hole is given for spectrum analyzing after the spectrum sensing stage. The index of the idle channel will be known for the convenience of ranking. The wireless signal of the corresponding channel detected by spectrum sensing will be pre-processed first.
Operations such as filtering, amplification or down-con version will be done in this stage.
Then the multi-power interference of the channel will be estimated out of the processed signals, which will be used to estimate the available duration as well as evaluate the SINR. We use the hierarchical Dirichlet process to analysis and predict the possible channel state parameters and the hidden Markov model to describe the transition of states instead of the discrete ON/OFF model [3] . Other parameters such as bandwidth and delay mentioned in Section 2 may also be estimated depending on the QoS demands of different users.
The channel ranking results will be given to the secon dary users based on the above-mentioned evaluations and their specific application requirements at last. The channel quality report will be given to the spectrum decision step to make an optimal spectrum assignment as discussed in Section 1. The signal transmission of users will change the radio environment and influence the sensing result of other users in tum to form the cognitive cycle as shown in 
Conclusion
In this paper we give a brief introduction of spectrum analysis and provide our own channel ranking method in Figure 2 . The flow chart of our ranking method. cognitive radio networks. We combine the evaluation of some conventional channel ranking parameters such as SNR, SINR, bandwidth and delay with idle duration to evaluate and rank the available channels. We will investi gate our ranking mechanism in detail, show the perform ance of our method with simulations and improve it in our future work.
